Trehalose is a non-reducing sugar used as a reserve carbohydrate and stress protectant in a variety of organisms. While higher plants typically do not accumulate high levels of trehalose, they encode large families of putative trehalose biosynthesis genes. Trehalose biosynthesis in plants involves a two-step reaction in which trehalose-6-phosphate (T6P) is synthesized from UDP-glc and Glc-6-P (catalysed by T6P synthase, TPS), and subsequently dephosphorylated to produce the disaccharide trehalose (catalysed by T6P phosphatase, TPP). In Arabidopsis thaliana, eleven genes encode proteins with both TPS-and TPP-like domains but only one of these (AtTPS1) www.plantphysiol.org on January 6, 2018 -Published by Downloaded from
Introduction
The presence of trehalose in a wide variety of organisms and the existence of different biosynthesis pathways suggest a pivotal and ancient role for trehalose metabolism in nature. The most widely distributed metabolic pathway consists of two consecutive enzymatic reactions, with trehalose-6-phosphate (T6P) synthase (TPS) catalysing the transfer of a glucosyl moiety from uridine diphosphate-glucose (UDPglc) to glucose-6-phosphate (Glc-6-P) to produce T6P and UDP, and T6P phosphatase (TPP) catalysing dephosphorylation of T6P to trehalose (Cabib and Leloir, 1958; Avonce et al., 2006) . Apart from operating as a (reserve) carbon source and structural component in bacteria, fungi, and invertebrates, trehalose also functions as a major stress protectant of proteins and membranes during adverse conditions such as dehydration, high salinity, hypoxia and nutrient starvation (Elbein et al., 2003) .
Trehalose accumulation is also observed in drought-tolerant non-vascular plants like green algae and liverworts and in a few lower vascular resurrection plants. Until about a decade ago, higher vascular plants were believed to have lost the ability to produce trehalose, but with the emergence of more sensitive assays, genome sequencing, and the use of yeast mutant complementation, minute amounts of trehalose and T6P, and functional plant enzyme orthologs were found (Goddijn et al., 1997; Vogel et al., 1998; Lunn et al., 2006) . In addition, heterologous expression and disruption of trehalose metabolism in plants conferred pleiotropic effects, ranging from altered stress tolerance, leaf morphology and developmental timing to embryo-lethality (Holmström et al., 1996; Goddijn et al., 1997; Romero et al., 1997; Eastmond et al., 2002; Schluepmann et al., 2003; Avonce et al., 2004; Satoh-Nagasawa et al., 2006; Miranda et al., 2007; Chary et al., 2008) , pointing to an important regulatory function. The intermediate T6P has been highlighted as a novel signal for carbohydrate status (for review see Paul, 2008) , positively correlating with sucrose levels, redox-regulated ADP-glucose pyrophosphorylase activity and starch biosynthesis (Lunn et al., 2006) . Recently, it was reported that T6P inhibits the activity of the SnRK1 protein kinase to activate energyconsuming biosynthetic processes in growing tissue (Zhang et al., 2009 ) and that it is required for the onset of leaf senescence (Wingler et al., 2012) .
In most bacterial and eukaryotic species, the TPS and TPP activities are found on separate proteins. Recent phylogenetic and biochemical analyses showed that some 6 archaea and bacteria, such as Cytophaga hutchinsonii, express proteins that have both active TPS and TPP domains resulting from gene fusion, suggesting that such prokaryotic bifunctional proteins are the evolutionary ancestors of the large eukaryotic trehalose biosynthesis enzymes in which one or both domains have subsequently lost their catalytic activity (Avonce et al., 2010) . The yeast TPP enzyme Tps2, for example, harbours an inactive N-terminal TPS domain and an active C-terminal TPP domain. In contrast to the single TPS and TPP genes in most micro-organisms, the genomes of higher plants encode a remarkably large family of putative trehalose biosynthesis enzyme homologues. These are commonly classified in three distinct subgroups, according to their similarity to the microbial TPS and TPP proteins and/or presence of specific motifs (e.g. conserved phosphatase boxes) (Thaller et al., 1998; Leyman et al., 2001; Eastmond et al., 2003) . Even primitive plants such as the alga Ostreococcus tauri and the moss Physcomitrella patens already contain members of each of these gene families, pointing to the early establishment and conservation of these proteins in plant evolution (Lunn, 2007; Avonce et al., 2010) . In Arabidopsis, the class I TPS proteins (AtTPS1-4) show most similarity to the yeast TPS Tps1, but also have a C-terminal domain with limited similarity to TPPs. However, only one of these, AtTPS1, appears to have heterologous enzymatic TPS activity in yeast (Blazquez et al., 1998; Vandesteene et al., 2010) . Strikingly, AtTPS1 is the only class I enzyme with an N-terminal extension that seems to operate as an auto-inhibitory domain (Van Dijck et al., 2002) .
The class II TPS proteins (AtTPS5-11) are similar bipartite proteins with a TPS-like domain but a more conserved TPP domain. They appear to lack both heterologous TPS and TPP activity (Ramon et al., 2009) . The high level of conservation of putative substrate binding residues in class I and class II proteins, however, suggests that substrates might still bind (Avonce et al., 2006; Lunn, 2007; Ramon et al., 2009; Vandesteene et al., 2010) . Together with the specific expression patterns of the class I genes (van Dijken et al., 2004; Geelen et al., 2007; Vandesteene et al., 2010) and the extensive expression regulation of all class II members by plant carbon status (BaenaGonzález et al., 2007; Usadel et al., 2008; Ramon et al., 2009 ), this suggests tissuespecific regulatory functions for these proteins in metabolic regulation of plant growth and development. Finally, Arabidopsis also harbours a family of 10 smaller proteins (AtTPPA-J; 320-385aa) with limited similarity to the class I and class II proteins (795-942aa includes a wide range of phosphatases and hydrolases (Thaller et al., 1998) . It has been suggested that the origin of these plant TPP genes is different from the origin of the class I and II genes (Avonce et al., 2010) and that plants recruited the TPP genes after their divergence from fungi, most probably from proteobacteria or actinobacteria.
Consistently, homologous TPP proteins are present in proteobacteria such as Rhodopherax ferrireducens (Avonce et al., 2010) . To date, only a few of these singledomain plant TPP proteins have been subject to biochemical characterization, e.g. TPPA and TPPB from Arabidopsis (Vogel et al., 1998) , OsTPP1 and OsTPP2 from rice (Pramanik and Imai, 2005; Shima et al., 2007) and RAMOSA3 (RA3) from maize (Satoh-Nagasawa et al., 2006) .
The phenotypic alterations observed in plants fed with trehalose or genetically modified in trehalose biosynthesis, suggest a pivotal role for trehalose metabolism in integrating the metabolic status with growth and development. Disruption of the only known active TPS enzyme in Arabidopsis (AtTPS1) results in embryo-lethality (Eastmond et al., 2002) and, when rescued to bridge embryogenesis, causes a strong disruption of vegetative and generative development and ABA-hypersensitivity (van Dijken et al., 2004; Gomez et al., 2010) . Overexpressing AtTPS1 on the other hand renders seedlings sugar-and ABA-insensitive (Avonce et al., 2004; Avonce et al., 2005) . These observations strongly link trehalose metabolism with ABA signaling.
Interestingly, a mutation of a TPP gene in maize, RA3, results in a distinct phenotype, with incorrect axillary meristem identity and determinacy in both male and female inflorescences (Satoh-Nagasawa et al., 2006) . Arabidopsis plants with overall increased T6P levels, such as OtsA (E. coli TPS) overexpression plants, similarly show increased inflorescence branching (Schluepmann et al., 2003; van Dijken et al., 2004) .
To better understand why higher plants harbour such a large number of putative TPP proteins, we have made a comprehensive study of the 10 Arabidopsis TPP genes and gene products, combining phylogenetic approaches and yeast growth complementation assays, together with a detailed analysis of all 10 TPP gene expression profiles in Arabidopsis, and a more detailed single AtTPP mutant phenotypic analysis.
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Results

Collinearity analysis shows that the TPP gene family in eudicots mainly expanded through genome duplication
It has been established that many, if not most plant lineages are paleopolyploids (Masterson, 1994; Cui et al., 2006; Soltis et al., 2009; Van de Peer et al., 2009; Jiao et al., 2011) . Current evidence that a genome duplication occurred in the common ancestor of extant seed plants, and another one at the base of the angiosperm lineage (Jiao et al., 2011) . In addition, a hexaploidization event (referred to as Genome duplications have had a profound impact on the expansion of certain gene families in plants, in particular regulatory gene families (Maere et al., 2005; Freeling, 2009; Maere and Van de Peer, 2010) . We investigated their impact on the TPP gene family by searching for collinearity of genomic segments containing TPP genes, using the PLAZA v1.0 platform (Proost et al., 2009 ). Strikingly, all TPP genes in eudicots appear to be linked through collinearity relationships, indicating that the TPP gene family in eudicots expanded exclusively through genome duplication. In Arabidopsis, 9 out of 10 AtTPP genes, all except TPPD, were found in duplicated blocks remaining from the most recent genome duplication (α, K S around 0.7-0.8) ( fig.   1A ). Moreover, all TPPs were retained in duplicate after the Within the subclades, the between-species phylogenetic relationship of the TPPs is more variable. Papaya (Carica papaya) TPPs are for instance often put outside Arabidopsis-Populus clades in the unconstrained topology, possibly an artifact of slower evolution of these genes in papaya. On two occasions, grapevine (Vitis vinifera) TPPs are similarly put erroneously close together in the unconstrained topology. The fact that all nodes in the unconstrained tree that do not match the constrained tree have relatively low bootstrap support is also an indication that constraining the topology on the basis of collinearity relationships significantly improves the tree.
All 10 putative Arabidopsis TPP enzymes have heterologous TPP activity in yeast
The TPP gene family in higher plants appears to have expanded mainly by whole genome duplication, but it is not clear whether all have maintained enzymatic activity. To assess TPP activity, we have used a Sacharomyces cerevisiae TPP mutant complementation assay. Yeast tps2Δ mutants exhibit thermosensitive growth due to accumulation of high levels of T6P at increased temperature (De Virgilio et al., 1993) .
Previously, complementation of this thermosensitive growth phenotype was used to isolate the TPPA and TPPB genes from an Arabidopsis cDNA library (Vogel et al., 1998) . We have now analysed all putative Arabidopsis TPP enzymes in the yeast tps2∆ mutant strain with efficient expression of the 10 proteins confirmed by western blot analysis. All 10 TPP members were able to complement growth deficiency of the yeast tps2∆ mutant strain at elevated temperature ( fig 2D ). TaT6PP uses the common catalytic reaction mechanism typical for the L-2-haloAcid dehalogenase (HAD) superfamily, with the active site located within the cavity at the interface of two major domains (Rao et al., 2006) . Three sequence motifs make up the active site, with the N-terminal DXDX(T/V) motif (motif I, aa7-11 in TaT6PP) being the most conserved. In TaT6PP, a nucleophilic attack of Asp7 (equivalent to D113 in TPPG) on the phosphorus atom of T6P is thought to result in a phospho-aspartic acid intermediate, followed by hydrolysis of an activated water-molecule, generated by Asp9 (D115 in TPPG). Asp9 might also assist as a general acid catalyst, protonating the oxygen atom of the leaving group (Rao et al., 2006) . Here, we provide experimental evidence for the importance of these two conserved aspartate residues for TPP catalytic activity. Mutation of these aspartate residues in TPPG (D113 and D115, TPPG-DYD) to asparagine (similar spatial structure as aspartate but harbouring an uncharged polar R group) (TPPG-NYN) abolished yeast tps2Δ mutant growth complementation ( fig. 2A-C ; confirmed by bioscreen growth analysis, data not shown).
Spatio-temporal expression profiles suggest functional diversity among the
Arabidopsis TPP family
In multicellular organisms, protein function is often tightly linked to tissue-and cell type-specific expression. As all Arabidopsis TPP proteins seem to have T6P-phosphatase activity, it is important to determine their spatio-temporal expression in planta to get an initial clue about their functional specificity. We therefore fused a 2kb promoter sequence of each Arabidopsis TPP gene to a GUS/GFP reporter, and Specific expression in the anthers is found for TPPA, TPPF, TPPG and TPPH, while TPPJ is expressed in the filament.
Publicly available expression data (Genevestigator, Zimmerman et al., 2004; Hruz et al., 2008) , and eFP browser, (Winter et al., 2007) largely fit with the GUS expression profiles. For example, in accordance with Genevestigator, we detected TPPA, TPPF, TPPG and TPPH expression in pollen grains (supplementary fig. S2 ).
Also consistent with Genevestigator expression levels below background, we did not detect TPPC and TPPE GUS-expression. No GUS staining was observed in developing seeds from any of the reporter lines (data not shown). This broadly agrees with the absence of detectable TPP transcripts in developing seeds, except for very low expression of TPPB, TPPG and TPPH, which was restricted to the chalazal endosperm.
Previously, we have performed similar promoter-GUS/GFP analyses for the seven class II TPS proteins (Ramon et al., 2009 ). To determine whether there is any overlap in the spatio-temporal expression profiles of the different TPS and TPP genes, we have generated a combined expression map where we clustered expression patterns ( fig. 4) . Whereas the Class II TPS genes have largely overlapping expression profiles, the TPP genes have more specific expression patterns. We can observe some overlap between the expression profiles of specific TPS and TPP genes. TPS7 and TPS8 cluster more closely with TPPA, TPPJ and TPPG. They are all broadly expressed with high expression in the leaf primordia, the cotyledons, at the hypocotyl-root junction and in the stamens. From these genes, TPPA and TPS7 are more or less expressed throughout the whole plant. There is also some overlap between the expression profiles of TPS5, TPS6, TPS9, TPS10 and TPPB, TPPH and TPPI. Also TPPD and TPS11 seem to be coexpressed in the same tissue types, more specifically in the columella cells in the root meristematic zone.
Functional analysis of TPPs in Arabidopsis
To assess the functionality of the TPP proteins in Arabidopsis, we analyzed the phenotypes of Arabidopsis plants disrupted in a single TPP by means of available T-DNA insertion lines. Screening of 23 lines from different T-DNA insertion collections led to the identification of knockout (KO) or knockdown (KD) lines of 8 TPPs, tppa, tppb, tppd, tppf, tppg, tpph, tppi and tppj (Supplementary fig. S3 ). Seeds of homozygous insertion lines germinated like wild type Col-0 when sown on soil, and the resulting plants show comparable vegetative and reproductive growth to wild type, with the exception of tppb mutants producing a larger rosette (Supplementary fig. S4 ).
Overexpression of the TPPA, TPPF, TPPG or TPPJ genes, driven by the CaMV 35S promoter, did not alter the seed germination or vegetative growth characteristics of the plants when grown on soil ( fig. S4A ). However, overexpression of several of the TPP genes did affect floral morphology, leading to a shorter perianth, the floral structure including petals and sepals (as exemplified by 35S::TPPB plants shown in fig. S4B ).
The result is that the reproductive organs (pistil and stamen) are not protected or covered by the perianth. Apart from TPPB, we also observed this for TPPC and TPPI overexpression lines (data not shown). As growth phenotypes in the mutant TPP lines were not obvious we investigated the function of the TPP enzymes in the biosynthesis of trehalose by measuring trehalose and T6P contents, along with other sugars and metabolites, in whole seedlings of some of these lines (Table 1 ).
Remarkably few differences in the levels of T6P, trehalose and other metabolites were observed in the tpp mutants compared to wild type. The most notable changes were a lower level of trehalose in the tppb plants and the higher sucrose and starch content in tppi plants. As the TPPs have cell-and tissue-specific expression in planta, it is plausible that the effect of single TPP downregulation on metabolite contents is 'diluted' in whole seedling extracts. It is also conceivable that metabolic changes in the cells where TPP expression has been down-regulated might have systemic effects that led to compensatory metabolic adjustments in cells that do not normally express the affected TPP gene. In order to investigate further the effect of ABA on the tpp mutants, we looked at the effect of this hormone in stomatal aperture and closure. In the above-ground organs, TPPG is rather specifically expressed in guard cells, and the tppg mutant showed resistance to ABA inhibition of germination. Therefore,we focussed our attention on tppg and mutants in its duplicate gene (tppf) and a close homologue (tppa), with one representative from a distant clade (tppj) for comparison (see fig. S1 ). We also generated and included the overexpressing lines of these TPPs (TPP-OE) using a constitutive promoter. Epidermal peels of fully expanded leaves of the above mentioned tpp mutants and overexpressing lines were incubated under conditions that promote stomatal opening and then treated with 20 µM ABA to induce stomatal closure. As seen in the germination assay, tppg was resistant to ABA, showing no stomatal closure in response to ABA, while the other mutants behaved as the wild type. The OE line responses were similar to wild type with the interesting exception of TPPF-OE, which is slightly more sensitive to the ABA treatment ( fig. 5B ). The decreased sensitivity of seed germination and stomatal opening to ABA in the tppg mutant suggests that TPPG might have a particular role in linking trehalose metabolism to ABA signaling in a cell type specific way.
Discussion
In Arabidopsis, there appears to be only a single enzyme, TPS1, capable of synthesising T6P, but a great diversity of TPP enzymes able to hydrolyse T6P to trehalose. As many of the TPP proteins show specific spatio-temporal expression patterns, they clearly have great potential to exert control over T6P levels according to the needs of specific cell and tissue types. Given the substantial and growing evidence that T6P is an essential signal metabolite in plants, with far reaching influence on plant metabolism, growth and development,, there is an urgent need to understand the origins and physiological significance of the large number of plant TPP proteins.
Collinearity analysis of the TPP gene family strongly indicates that all eudicot and many monocot TPP genes originate from whole genome duplications. Maere et al. Analyzing promoter GUS/GFP lines, we found very diverse spatio-temporal expression patterns for the 10 Arabidopsis TPP genes, indicating possible functional diversification. In general, our data correlate well with public available gene expression datasets, although there were some differences from the spatio-temporal root expression maps published by Brady and coworkers (2007), for example, they did not find detectable levels of expression TPPD in the root cap, or TPPA and TPPG in the epidermis. The apparent discrepancies between our promoter-reporter lines and the transcript profiling data could be explained by differences in GUS/GFP and TPP transcript stability, with some TPP transcripts being rapidly turned over in certain cell or tissue types, raising the possibility that the pattern of TPP gene expression in roots is subject to post-transcriptional regulation. To investigate the later possibility, it will be interesting to investigate whether catalytically inactive forms of the enzyme can complement the phenotypes of the tpp loss-of-function mutants, however, this is outside the scope of the current study. The class II TPS proteins appear to have been present in the green plant lineage from its earliest evolutionary origins and are structurally related to the yeast TPP (Avonce et al., 2006; Lunn, 2007) . While the Arabidopsis class II proteins still contain TPP-like domains, suggesting that they might once have had TPP activity, none of these proteins confers heterologous TPP activity (Ramon et al., 2009 ). We might speculate that the recruitment of the 10 TPP genes encoding active TPP enzymes may have released the class II proteins from their putative function as TPP enzymes, allowing them to evolve new, apparently beneficial, functions, which may or may not be linked to trehalose biosynthesis or T6P signaling. This might explain why there is little similarity in the expression patterns between TPS and TPP genes.
As is often the case for multigene families, single mutant phenotypes are hard to find, plausibly because of redundancy among family members. Growth phenotypes in normal conditions were not evident for most of the tpp mutants, but smaller rosette leaves and later flowering were observed in different TPP-OE lines (Supplementary Fig.   S4 ). Metabolic phenotypes were also elusive, at least at a whole-plant or whole-rosette level. Even for abundant metabolites, measuring the levels in specific cell or tissue fig. S5 ), further corroborate the strong crosstalk present between ABA and trehalose metabolism, previously reported by Avonce et al (2004) and Gomez et al (2010) . Surprisingly, the duplicated homolog of TPPG, TPPF, appears to display an opposite activity during the germination process, suggesting that control of T6P levels might not be its unique function, but that the enzyme functionally diverged. Another 
Materials and Methods
Phylogenetic and collinearity analyses
The genes used for the collinearity analysis and for the phylogenetic reconstruction of the TPP gene family in the green plant lineage were collected using the PLAZA v1.0 platform (Proost et al., 2009) 
Yeast growth complementation assay
For the yeast growth complementation assay, the yeast (Saccharomyces cerevisiae) W303-1A wild-type strain 15 ade2-1 can1-100 GAL SUC2), the tps1Δ deletion strain YSH290 (W303-1A, tps1Δ::TRP1) and the tps2Δ deletion strain YSH448 (W303-1A, tps2Δ::HIS3) (Hohmann et al., 1993) were used (see also (Ramon et al., 2009; Vandesteene et al., 2010) . The different TPP CDS (confirmed by, and if necessary corrected to, the sequence alignment to the TAIR Arabidopsis Genome Initiative Coding Sequence dataset), were amplified from A. thaliana cDNA and cloned in a modified yeast multicopy pYX212 plasmid with an HXT7 promoter and URA3 marker, without stop codon and in frame with C-terminal double HA tag (primers, see supplementary table   S1 ). Primers used for AtTPPG-NYN mutagenesis were 5'ATAGCTGTGTTTCTAAATTATAATGGAACACTTTCTC3' and 5'GAGAAAGTGTTCCATTATAATTTAGAAACACAGCTAT3'. As a control for the complementation assay, the tps2Δ strain was also transformed with the empty vector and the yeast TPP TPS2 (Vogel et al., 1998; Zentella et al., 1999; Ramon et al., 2009 ).
Yeast transformation was performed using the one-step method as described by Chen et al. (1992) . Cultures of the transformed tps2Δ and WT control strains were grown overnight at 28°C on SD-ura containing 2% glucose and drop-assays were performed on SD-ura containing 2% glucose and galactose. Transformants were spotted at an OD 600 of 1 and incubated at 28°C (control) or 38.6°C and analyzed after two days. For growth curves, pre-cultures were grown in SD-ura with 2% glucose at 28°C. Samples were then diluted to OD600 0.100 in 200μl SD-ura in 100-well Honeycomb2 plates (Thermo Electron Corporation) in three replicates. Blanks and appropriate growth controls were also included. The transformed tps2Δ strains and wild type strain were grown in SD-ura with 2% glucose at 28°C (control) and 38.6°C. Growth was followed by OD measurements every 15 min with continuous shaking in the Automated Microbiology Growth analysis System (Bioscreen C) (Oy Growth Curves AB Ltd).
Western blot analysis of heterologous protein expression
After overnight growth, 50ml yeast cell cultures were harvested and resuspended in ice-cold lysis buffer (500 μ l 1xPBS, 0.1% Triton X-100, 10% glycerol, 2.5 mM MgCl 2 , 1 mM EDTA, pH8) containing protease inhibitors (Complete EDTA-free, Roche). Cells were lysed by vortexing (0.5 mm glass beads). After centrifugation at 4°C
for 10 min at maximum speed, protein concentrations in the supernatant were determined using the dye-binding assay (Bradford, 1976 ) and the soluble extract was subjected to immunoprecipitation using anti-HA rat antibodies 3F10 (Roche) and protein G-agarose beads (Roche).Bead-bound proteins were collected by centrifugation at 4°C (30s, 2000 rpm), and washed several times with lysis buffer. Amounts of immuno-precipitated protein did not vary more than 3-fold between samples. SDS-PAGE sample buffer was added, followed by boiling for 5 min. After centrifugation, equal amounts of proteins were loaded on a Mini-Protean precast gel (Bio-rad) together with the protein standard (Invitrogen, SeeBlue Pre-stained protein standard) in a Tris/glycine/SDS running buffer and analyzed using immunoblotting. For detection of HA-tagged proteins, we used HRP-coupled anti-HA High Affinity rat antibodies
(1/1000; Roche). Protein bands close to the predicted size of the respective TPP-HA fusion protein were considered to be full length.
Promoter GUS/GFP constructs
To study the expression patterns of all TPPs in vivo, we amplified and fused the promoter/5'UTR sequences of around 2kb of all TPPs to GUS/GFP reporter genes in the pHGWFS7 vector (Karimi et al., 2002) 
Histochemical and histological analysis
For detailed analysis of seedlings and roots, seedlings were grown for 2 days after germination on vertical plates containing 0.5xMS and 1% (w/v) Suc in, continuous light. For shoot analysis, plants were grown for 15 days after germination, on horizontal plates (as above) with a 16h-8h day/night cycle. For flower analysis, plants were grown on soil for 5-6 weeks with a 16h-8h day/night cycle. The beta-glucuronidase (GUS)-staining assays were performed according to Beeckman and Engler (1994) . Seedlings, shoots and flowers were afterwards cleared by mounting them in 90% lactic acid (Acros Organics) on glass microscope slides. Samples were analyzed by differential interference contrast microscopy (Olympus BX51). Qualitative GUS expression levels of the 10 TPP genes in different tissues, were clustered by the Genesis program (Sturn et al., 2002) .
Characterization of AtTPP mutants and AtTPP-OE lines
T-DNA insertion lines were obtained from NASC (Alonso et al., 2003) and genotyped for homozygosity with specific primers according to T-DNA express:
Arabidopsis Gene Mapping Tool (http://signal.salk.edu/cgi-bin/tdnaexpress) (supplementary Table S2 ). AtTPP-OE lines were generated by cloning the corresponding TPP CDS with a 2xHA-tagged sequence from the pYX212 vectors generated for the yeast growth complementation assay (primers, supplementary table S2), into a pDONR221 donor vector, followed by subcloning in a pK7WG2 expression 
Measurements of stomatal aperture
The first pair of fully expanded leaves of 3 weeks old plants, grown in soil 16h-8h day/night cycle, was detached and incubated in a stomata opening buffer (10mM MES-KOH pH6.15, 10mM KCl) for 2 hours under continuous light. 20µM of ABA (0µM in controls) was added to the buffer and leaves were incubated 2 hours more.
Peels of the abaxial side of the leaf were taken by pasting the abaxial side of the leaf to a microscope slide with double-sided sticky tape, the mesophyll cells were removed by gently scraping the leaf with a blade and the abaxial epidermis could be visualized in a microscope (Olympus BX51). Pictures of stomata were taken and pore aperture was measured using ImageJ software. Suplementary Table S1 . Primers used for cloning of promoter and CDS.
Supplemental material
Suplementary Table S2 . T-DNA lines; primers to detect T-DNA insertions; primers to check TPP expression levels in mutant lines of the 10 AtTPP genes. 
